"micro-phases". Thus, to talk about anaesthetic "concentrations" anywhere except in a homogeneous phase (such as in a gas sample) can be a misleading concept (Halsey, 1973) and the anaesthetic partial pressure is usually a more suitable measurement.
The reasoning behind the importance of partial pressures is based on the physical chemical approach to general equilibrium theory. In a system containing several phases, "equilibrium" can be defined in various different ways. Thus for thermal equilibrium, the temperature throughout the system is the same; for mechanical equilibrium, the total pressure in each phase is the same; for thermodynamic equilibrium, the "chemical potential" must be equal in each phase. The theoretical basis of "chemical potential" need not concern us here except to state that in the gas phase it can be related to the partial pressure of each component. Therefore, although we do not know the precise sites of action of anaesthetics in, say, the central nervous system or the heart, we can still determine the partial pressure at those sites by measuring the partial pressure in alveolar gas when equilibrium has been established throughout that particular part of the system. KINETICS versus THERMODYNAMICS Much has been written about the uptake and distribution of inhaled anaesthetics. However, when studying the mechanism of anaesthesia it is obviously desirable to separate these kinetic effects from the situation when equilibrium has been achieved and the theories of thermodynamics can be applied. The differences between kinetic and thermodynamic effects are basic to an understanding of any process. Figure 1 considers the possible energies involved in going from an initial situation labelled "reactants" to a final situation labelled "products". In conventional physical chemistry the traditional example is a straightforward chemical reaction, but in anaesthesia a topical example is the solution of a new water-insoluble steroid anaesthetic. In this case the "reactants" are the injected steroid and the patient; while the "products" are the anaesthetized patient with the steroid having interacted with its site of action. However, regardless of the example, there are two basic energy differences involved. The first is the overall energy change of the reaction. This depends only on the energies of the reactants and products and not on any "energy hump" between them, because by analogy any energy that is used in going up to the top of the hump is returned in coming down. Therefore, the reaction energy is independent of the path of the reaction, but determines the overall extent of the reaction. Thus, if diere is a large release of energy in going from reactants to products, the reaction will tend to come to equilibrium in favour of more products than reactants. The position of the equilibrium is governed by such thermodynamic considerations, but these are unrelated to how fast the reaction will take place or how fast equilibrium will be attained. The rate is governed by how much energy has to be put into the reaction initially in order to make it "go". This is called the activation energy and is illustrated, by analogy, as the height of the hump in figure 1. The differences between the two types of energies are also brought out by their methods of experimental measurement. The activation energy can be determined from the variation of the rate of the reaction with temperature, while the reaction energy can be determined from the variation of the equilibrium constant with temperature. Interestingly, the form of the equation relating the energy change to temperature is the same in both cases:
, , Activation energy log«k=a constant--_ s£_ RT (Arrhenius equation) where k is the rate constant of the reaction, R is the gas constant and T the absolute temperature.
Reaction energy logJCeq=another constant ™ (van't Hoff equation) where Keq is the equilibrium constant.
The activation energy is always a positive quantity, and at the top of the hump the reactants are considered to be in an intermediate state called the activated complex or transition state. On the other hand, the reaction energy can be either positive or negative, depending on the relative energy levels of the reactant and products. Because there is a logarithmic relationship between the rate constant and the activation energy, changes in temperature make a surprisingly large change to rates of different reactions. A generalization is that the rate of a reaction doubles for every 10°C temperature rise.
To return to examples of processes governed by both thermodynamic and kinetic considerations: enzyme reactions take place much faster in vivo by reducing the activation energy rather than by altering the reaction energy. For the water-insoluble anaesthetic there may be a favourable reaction energy (that is, it may be a potent anaesthetic) but an unfavourable activation energy (because of its low water-solubility it may take an infinitely long time to reach the site of action and induce anaesthesia).
The energy changes involved in the solution of an anaesthetic are very much more complicated than those in a conventional chemical reaction (see K. W. Miller-this issue). Thus, an overall activation or reaction energy is probably misleading in the case of anaesthetic solution. However, the concepts can still be helpful. For example, because the reaction energy is independent of the path of the reaction, factors such as interactions with plasma proteins can be ignored when considering die energies involved in anaesthetic action in the central nervous system.
CORRELATION STUDIES
Most studies of anaesdietic action at a molecular level have been concerned basically with the thermodynamics governing the equilibrium situation. MAC is unaltered by periods of anaesthesia up to 8 hours (Eger, Saidman and Brandstater, 1965) and kinetic effects are not relevant. The idea behind correlating anaesthetic potency with some physical property of the agent is to see if the forces and energies associated with the physical property are similar to those involved in the production of anaesthesia. The major difficulty is to choose physical properties which reflect the interaction of the anaesthetic with a potential site of action (Halsey and Kent, 1972) . The danger can be illustrated by considering the old correlation of anaesthetic potency with vapour pressure. The energy differences involved in determining the vapour pressure of a substance are basically the forces between the anaesthetic molecules both in the gas phase and in the liquid phase, but not with any plausible site of action. Thus, when stated in thermodynamic terms it is obvious that the correlation between anaesthetic potency and vapour pressure tells us nothing about the molecular site of action of anaesthesia. In addition to these theoretical objections, the correlation regrettably does not have much empirical value eidier. Thus Ferguson (1939) initially tested the correlation with a homologous series of alcohols. However, for the modern clinical anaesthetics the correlation is very much poorer. For example, MAC divided by vapour pressure should be a constant, but the calculated value for halothane is about half that for diethyl ether and less than a fifth of that for fluroxene. Thus, it could be positively dangerous for a clinician to estimate the potency of an unfamiliar agent from its vapour pressure.
HYDRATE THEORIES OF ANAESTHESIA
Two examples of meaningful correlations between anaesthetic potency and a physical property are given in figure 2. On the left-hand side is the correlation between MAC and hydrate dissociation pressure, which was the basis of the provocative hydrate theory of anaesthesia proposed independently by S. L. Miller and by Pauling in 1961. The brain consists largely of water (78%), compared with lipids (12%) or proteins (8%). This led several early workers to propose that anaesthetics act in a water phase, but it was soon found that there was a poor correlation between anaesthetic potency and simple water-solubility-that is, the energy involved in dissolving an anaesthetic in water does not correlate with the energy associated with the production of anaesthesia. However, anaesthetics do not necessarily simply dissolve in water, but under certain circumstances can also form a compound with water. This compound is called a clathrate, the anaesthetic molecule being trapped inside a cage-like structure of water molecules orientated by a complex interUnking of hydrogen bonds. These structures probably can only exist in the body when there is additional stabilization from protein side chains also caught up with the structured water molecules. A crude analogy is the reinforcement of concrete by steel rods. It has never been dear exactly how these hydrates might produce anaesthesia, but Pauling (1961) suggested in general terms that they might decrease conduction in nervous tissue and hence lower the energy of the "electrical oscillations". Miller (1961) , on the other hand, postulated that the net effect might be to "stiffen-up" a lipid membrane or to occlude pores through it. The exact mechanism of "hydrate anaesthesia" has never been actively investigated because the basic evidence for the theory is now rather unconvincing (Eger et al., 1969) . Initially both Pauling and Miller demonstrated a correlation between anaesthetic potency and the hydrate dissociation pressure at 0°C. This hydrate dissociation pressure is a measure of the stability of the hydrate, and reflects the energy of interaction between the anaesthetic and its proposed site. However, this early correlation was for relatively few anaesthetics, and as more and more agents have been added over the years, the coefficient of variation has become less and less satisfactory. In particular, the perfluorinated gas sulphur hexafluoride and many of the clinical anaesthetics lie off the correlation line. Thus pure hydrates of halothane, methoxyflurane, diethyl ether and fluroxene cannot be prepared. They may still exist in vivo, of course, when stabilized by the protein side-chains, but this means that for correlation purposes the hydrate dissociation pressure must be higher dian the vapour pressure of the pure anaesthetic. Hence in figure 2 those particular points have been plotted with an arrow to indicate their minimum value. If their hydrate dissociation pressures are much higher than their vapour pressures, in fact, the correlation becomes even worse.
HYDROPHOBIC THEORIES OF ANAESTHESIA
Probably the best known correlation in anaesthesia is between anaesthetic potency and lipid solubility. If anaesthesia is produced by a certain anaesthetic molar concentration at the site of action which is the same for all anaesthetics, then MAC x "solubility"=K (a constant)
(1) where "solubility" is that at the site of action. Since the basic idea of all correlations is to see if the energies involved in solution (which reflect the intermolecular forces) are consistent with the energies associated with anaesthesia, any solvent can be used as a model for the site of action. The solvent giving the lowest variability in K would therefore mimic most closely the solvent characteristics of the anaesthetic site of action.
Originally, the solvents chosen were olive oil and other vegetable lipoids. This did not matter from a theoretical point of view, of course, but it limited the conclusions which could be drawn. Therefore Miller, Paton and Smith (1965) used a variety of solvents which were characterized by particular solubility parameters. Solubility parameter (8) is a concept developed by Hildebrand, Prausnitz and Scott (1970) to describe die properties of solvents in terms of the strength of the forces between the solvent molecules. The use of solubility parameters allows the property of the site of action to be characterized in quantitative terms rather than simply having to say that "the site resembles olive oil". Thus the variability of K in equation (1) for different solvents can be plotted against their respective solubility parameters ( fig. 3 ) and the point of minimum variation indicates the most likely solvent properties. Miller, Paton and Smith (1965) concluded that the most satisfactory correlation between anaesthetizing partial pressure and solubility is found for solvents with a solubility parameter of 8. Miller et al., 1972.) It is interesting to note that the ranking order of the potency of anaesthetics sometimes can be misleading when considering how good or bad is a correlation. For example, from the above analysis two of the best (and equally good) solvents mimicking the site of action are benzene and olive oil. However, for three agents the ranking order of solubilities in olive oil is ethylene, nitrous oxide, xenon, but in benzene it is xenon, ethylene, nitrous oxide. Thus arguments based on ranking order of potencies, rather than the overall variability of a correlation, can be very misleading.
So far, the assumption has been made that anaesthesia occurs at a critical molar concentration. However, Mullins (1954) proposed that anaesthesia occurs at a critical volume concentration of anaesthetic. Thus, it would be predicted that MAC X "solubility" X molar volume=K (2) This equation adds the molar volume of the agent at the site of action to the same symbols used in equation 1. Inclusion of molar volume raises the most satisfactory correlation to a solubility parameter >10 (cal cnr 3 )! (Miller et al., 1972) . Using this analysis, it may be possible to ascribe a greater or lesser importance to the inclusion of the molar volume term. That is, if molar volume is important then the lowest coefficient of variation should be centred at 10 (or greater) rather than at 9 (cal cm" 3 )*. Unfortunately, the available solubility data are insufficient to permit an accurate centring of the lowest point.
MEMBRANES
An obvious hydrophobic area which may be concerned with anaesthetic action is the neuronal membrane. The solubility studies which have already been discussed eliminate both the aqueous phase (8 £^24) and the outer protein membrane cover (S £M4) from serious consideration, and narrow the search for a site of action to the lipid regions of the cell membrane or to the hydrophobic regions of protein molecules. Evidence from the phenomena of pressure antagonism of anaesthesia (White and Halsey, this issue) suggests that anaesthesia is associated with a 0.4% volume increase of the critical site. Direct evidence for the expansion of membranes by anaesthetics has been obtained from a variety of physical measurements on erythrocytes by Seeman and his colleagues. They found that at concentrations comparable to those used in general anaesthesia, halothane, chloroform, methoxyflurane and ether expand the surface area of the red cell membrane and also protect the erythrocyte membranes against osmotic lysis (Seeman and Roth, 1972) . Experiments with nuclear magnetic and electron spin resonance suggest that the anaesthetic binding site in both erythrocytes and other model membranes either increases or decreases in flexibility depending on the anaesthetic (Burgen and Metcalf, 1970; Trudell et al., 1973) . The simple concepts of membrane expansion suggest that normal cell function may be associated with a critical volume of the cell membrane. Deviations from this critical volume in either direction produce concomitant changes in function. Thus anaesthesia may occur when the anaesthetic has dissolved in the lipids and expanded the membrane by a fixed amount.
The traditional model for cell membranes has a phospholipid bilayer interior and a protein coating on either side, with all components held together primarily by electrostatic forces. However, a simple bimolecular leaflet is too impermeable to water, water-soluble substances and small ions, when compared with the properties of biological membranes. Therefore it has been proposed that there are "pores" extending through the lipid layer connecting the aqueous phases on each side of the membrane. These pores have never been directly observed in a membrane, but from electrophysiological data a reasonably consistent model has now been obtained. The sodium and potassium ion pores in the axonal membrane are independent and different. It is currently thought that the sodium pore is a hole formed in a thinned part of the membrane rather than a tunnel through the complete thickness of the bimolecular lipid layer (Hille, 1971) . The lining of the hole contains polar groups which allow the passage of the partially hydrated sodium ion. On the other hand, the potassium pore is more tunnel-like in structure, which tends to slow the passage of potassium ions through an individual pore. The pores in the subsynaptic membrane (that part of the post-synaptic membrane which is directly "beneath" an adjacent nerve terminal) are about twice as large as those in the rest of the nerve membrane.
The importance of these different pores is well recognized in the current concepts of the production, conduction and transmission of nerve action potentials. The pores may be decreased in size by the presence of anaesthetics in the lipid area. The possibility that anaesthetics might act by increasing Downloaded from https://academic.oup.com/bja/article-abstract/46/3/172/339383 by guest on 17 December 2018 the lateral pressure in the membrane is supported by Clements and Wilson (1962) , who found a correlation between anaesthetic potency and the lateral pressure produced by anaesthetics in an artificial lipoprotein film. Since the pore size is crucially dose to that which would hinder sodium movement, a small reduction in size may be all that is necessary to cause obstruction.
On the other hand, Mullins (1954 Mullins ( , 1971 conceived that anaesthetics might occupy and thereby physically block the pores, thus hindering the movement of ions required for depolarization. If so, anaesthetic potency should depend on anaesthetic molecular size as well as on solubility. It is difficult to differentiate between this theory and the simple Meyer-Overton theory because the range of molecular size of most anaesthetic molecules is small compared with their range of solubilities.
Mullins has postulated also that there is a critical size associated with the site of action. If an agent is too small it can fit into the site, but the goodness of fit is relatively poor and it is therefore relatively impotent. However, if the agent is too large it will not fit into the site at all and so be non-anaesthetic. Mullins has postulated that halothane may be near the critical size. However, recent evaluations of new volatile general anaesthetics suggest that the threshold, if it exists at all, would be much higher. For example, the halogenated methyl ethyl ether CH 3 OCF 2 CHBrCl (a good anaesthetic at 1.25%; Terrell et al., 1971) obviously is a larger molecule than halothane (CF,CHBrCl).
The anaesthetic molecular size can be measured in terms of its molecular, or molar, volume, i.e. the volume occupied by a mole of liquid. It is obtained by multiplying the molecular weight by the specific volume, or dividing it by the density, of the liquid. The molar volume is usually considered at the boiling point of the liquid at atmospheric pressure. It is possible to estimate the approximate molecular volume by adding together the individual "volume equivalents" of the elements making up the compound. That is to say, it has been found empirically that each individual atom contributes a certain volume and these can be added together to estimate the total volume of the molecule. However, as one might expect, this simple additivity of molar volumes is only a generalization and has to be modified when there are specific structural effects (such as in an aromatic ring compound or in hydrogen bonding effects) which influence the overall molecular size.
Recently there has been increasing interest not only in the membrane lipids and the pores through them, but also in the many different kinds of proteins that make up a complete membrane. It is possible, although most membranes may have a similar structure, that the individual and specific proteins making up that structure could account for the functional differences between membranes. The traditional model of the membrane has a protein layer on each side of the lipid sandwich. One of the thermodynamic difficulties with the traditional model is that the polar and ionic groups of the lipids are sequestered by the protein layer from contact with the water. This is energetically less favourable than when these hydrophilic groups are in contact with water and also the hydrophobic groups (in both proteins and lipids) are away from the water. Thus the new concept of a membrane looks more like that in figure 4 (based on the ideas put forward by Singer   FIG. 4 . A schematic drawing of a "dynamic" membrane consisting of proteins (shaded portions) and lipids (with their hydrophilic "heads" (#) and hydrophobic "tails" (I).) and Nicolson, 1972) rather than the traditional continuous bilayer model. One additional feature of these new membrane models is that the proteins can move laterally through the membrane. This has raised the possibility that the receptor sites for nerve transmitters in the sub-synaptic membrane could be continually forming and reforming and that anaesthetics might interfere with this process (Allison, 1972) .
GAS-INDUCED OSMOSIS
There have been many unconventional theories about anaesthetic action; one of these is gas-induced osmosis. The importance of osmotic effects in bio-logical systems is emphasized in textbooks of both physiological and physical chemistry. The extension of the theoretical concept of osmolarity to include the selectivity of specific semi-permeable membranes has given rise to the term "tonicity", which refers only to those solutes which are impermeable through an in-vivo biological membrane. Such ideas are particularly familiar to anaesthetists who are concerned with the practical administration of different fluids. Over the last 5 years there has been some interest in the postulate that gas molecules also can act as solutes and cause osmotic effects. These effects can either be temporary (for example, the partial pressure of the anaesthetic gas changes during induction or recovery from anaesthesia) or permanent (for example, the oxygen "tension" varies throughout the different compartments in the body).
The hypothesis of gas-induced osmosis was initially promulgated by Kylstra, Longmuir and Grace (1968) who demonstrated transient osmotic effects produced by nitrous oxide across a synthetic membrane. The idea has been taken up enthusiastically by a number of workers, particularly Hills (1971) who demonstrated, in rabbits, small statistically significant fluid shifts into subcutaneous saline pockets which were saturated continuously with nitrous oxide. On the basis of this and other works, Hills proposed that gas-induced osmosis is part of the mechanism of anaesthesia contributing particularly to the induction and to some transitory component of anaesthesia. In support of the proposal, it was noted that administration of mannitol produces important fluid shifts and depression of the activity of many neurons. Thus, this proposed mechanism of anaesthesia was based on the overall dehydration of the nervous system induced by osmosis.
However, the hypothesis seems unlikely for a number of reasons. First, Hills correlated anaesthetic potency with what he termed "osmotic index". This was based on a number of factors which allowed for the fact that the gas was not in thermodynamic equilibrium across the membrane but instead was permeating continuously through it. For a truly semi-permeable membrane the van't Hoff equation predicts that the osmotic pressure * is equal to a P where a is the Bunsen solubility coefficient and P the partial pressure of the gas. However, for a "leaky" membrane Staverman (1951) applied the theories associated with non-equilibrium thermodynamics and postulated that x=o-a P where o-is the reflection coefficient and can vary from 0 (for a totally permeable membrane) up to 1 (for a true BRITISH JOURNAL OF ANAESTHESIA semi-permeable membrane). Since the reflection coefficients for most gases are unknown, Hills calculated them using an estimate for the hydration of the gases which would increase the effective molar volume and hence decrease the permeability. Unfortunately, he used early incorrect data for the hydration of carbon tetrafluoride, so that the correlation between the anaesthetic potency and his calculated osmotic index was not so good as he originally thought.
However, gas-induced osmosis has also been invoked as an explanation for a whole series of syndromes including aseptic bone necrosis, urticaria, haemoconcentration, capillary stasis and impaired exchange of gases in tissues. Fortunately for anaesthetists, it now appears that the importance of gasinduced osmosis has been exaggerated greatly. The proposers of the theory concentrated on the osmotic pressure gradients which would be built up rather than on the subsequent fluid shifts which would remove these gradients. When one considers the fluid shifts, it is important to realize that the osmotic pressures due to dissolved gases are superimposed on a large background of osmotic pressures due to the proteins and salts in physiological fluids. This is illustrated in figure 5 , and it can be calculated that only a 4% fluid shift in the blood plasma is necessary to remove the osmotic gradient. This seems to be barely on the threshold of biological significance, and subsequent experiments in anaesthetized man have confirmed the lack of effect (Halsey and Eeer, 1973) . 
EXPERIMENTAL METHODS
Physical chemistry has contributed to our knowledge of anaesthetic action not only in terms of basic concepts but also in the application of a wide variety of experimental techniques. This section does not describe the different methods in detail but attempts to compare the potential uses and pitfalls associated with each. One of the basic measurements is of anaesthetic gas concentrations, and the physico-chemical techniques involved can be divided into three main groups. First, those measuring "bulk" properties (that is, a composite property of all the individual components), such as refractive index or the expansion of elastomers. Second, ultra-violet and infrared spectroscopy. Third, more versatile techniques such as gas chromatography and mass spectrometry. All these methods are comparative and therefore their accuracy is dependent on the accuracy of standard anaesthetic gas mixtures used to calibrate the instrument (at best ±1%).
An interferometer is used to measure the change in refractive index of the anaesthetic with changing concentrations (Hulands and Nunn, 1970) . It has the advantage that it is a relatively cheap detector, but since it measures the bulk property of a gas it does not discriminate between the different components. The accuracy is a fixed percentage of fullscale deflection and therefore normally it is not suitable for very low concentrations. At first sight it appears to be an absolute technique, not requiring standardization. However, calculation of anaesthetic concentration from the instrument reading requires a knowledge of the refractive index which is itself determined using a standard gas mixture.
Recently there has been interest in an instrument -the Narkotest-which relies on the ability of anaesthetic gases to alter the length of rubber strips (White and Wardley-Smith, 1972) . The speed of response is relatively slow (up to a couple of minutes to achieve 90% of final readings, depending on the gas flow). In spite of the fact that, like the refractometer, the instrument is sensitive to almost all anaesthetics, it is useful as a crude, simple check of the anaesthetic inspired concentration.
More sophisticated methods of spectroscopy rely on the fact that each anaesthetic absorbs energy at a particular wavelength or group of wavelengths. For convenience, the spectrum of wavelength is usually divided into regions: ultra-violet (200-400 run); visible (380-750 nm); and infra-red (1-15 m). The anaesthetic gases do not absorb light in the visible region of the spectrum and are colourless, therefore (in the gas phase-not in the liquid where preservatives such as thymol have been added).
Commonly, analysers cover the infra-red region, where most gases absorb energy. The exceptions are the simple non-polar diatomic gases such as oxygen and nitrogen. The method does have some degree of selectivity because different anaesthetics absorb at different wavelengths within the region, and it is possible to differentiate between, say, carbon dioxide and nitrous oxide, by selecting the appropriate wavelength. However, it is more difficult to differentiate between halothane and nitrous oxide, for example, since both absorb in similar regions of the infra-red spectrum. Fortunately, halothane also absorbs energy in the ultra-violet region, where it is unaffected by other anaesthetic agents or water vapour.
Apart from the simple error of one absorption band of a gas overlapping another, there is the socalled pressure or collision-broadening effect. When a particular gas absorbs energy it becomes energized, and the energized molecule then can collide with a molecule of a different gas and give up its energy. Thus, another component of the gas mixture may take up energy indirectly by "collision broadening", although it does not itself absorb energy directly at the selected wavelength. This error is particularly notorious in carbon dioxide measurements when nitrogen, nitrous oxide or cyclopropane are present in the sample but not in the calibrating gas. In general, all absorption methods have an output which is not linear with respect to changes in concentration. This is because the equation for the absorption of energy by a sample has a logarithmic form (Beer-Lambert Laws).
The third group of physical techniques is normally found in the anaesthetic laboratory rather than in the operating room. The gas chromatograph first separates the components of a gas mixture and then measures their individual concentrations. The two most common detectors are the flame ionization detector, which is used for most organic gases, and the katharometer for inorganic gases. The method really is suitable only for discrete samples, but with suitable modifications it can measure gas concentrations down to the parts-per-million range, with the same percentage accuracy as at normal clinical concentrations. The mass spectrometer is just coming into anaesthetic research and separates the gases on the basis of their mass, rather than by their chemical or physical properties. It has several disadvantages:
that some gases such as carbon monoxide and nitrogen have the same basic mass number and the separation is not straightforward; that it is not easy to operate by untrained personnel; and that it is expensive. However, it has the great advantage of a fast response, it can analyse a sample containing a wide variety of gases and it has good sensitivity down to a few parts per million.
There are many other more sophisticated instruments used in physical chemistry to obtain structural information about molecules. Many of these have now been applied to the study of anaesthetic molecules and of anaesthetics interacting with other compounds. For example: X-ray diffraction was used by Schoenborn (1965) ; optical rotatory dispersion and circular dichroism by Hedley-Whyte and his colleagues (Laasberg and Hedley-White, 1971 ); electron spin resonance by Trudell et al. (1973) , and nuclear magnetic resonance by Burgen's group (Burgen and Metcalfe, 1970) . Space does not permit an adequate exploration of each of these techniques but those interested are referred to the specific articles mentioned, or to Featherstone's new book about the contribution of many disciplines to pharmacology (Featherstone, 1973) .
